1976. -To evaluate the contribution of chloride to NaCl-and KCl-induced renin inhibition, renin responses to NaCl or NaHCO, and to KC1 or KHCO, loading were compared in NaCl-deprived rats. Sodium balance in animals drinking isotonic NaHCO, and NaCl for 9 days did not differ (P> 0.40); K+ balance was less positive in NaHCO,-drinking animals (P < 0.005). Plasma renin activity (PRA) in NaCl-loaded (16.5 rig/ml per h * 4.4 SE), but not in NaHCO,-loaded rats (57.2 t 9.8), was lower (P < 0.005) than in NaCl-deprived controls (44.8 IL 4.7). Renal renin content (RRC) of NaCl but not of NaHCO,-drinking animals was also decreased (P < 0.02). Both PRA and RRC of KCl-but not of KHCO,-loaded rats (5 meq K+/lO g diet) were lower (P < 0.01) than in NaCl-deprived controls. After acute intravenous expansion with isotonic NaCl or NaHCO,, increases of plasma volume and plasma K+ did not differ (P > 0.05). However, PRA of NaCl-expanded rats (11.8 * 3.8) was lower (P < 0.05) than in NaHCO,-expanded animals (29.7 * 8.5). The failure of NaHCO, and KHCO, to inhibit renin suggests a role for chloride in mediating the renin responses to Na+ and K+.
chloride; macula densa; plasma renin activity; renal renin content INHIBITION OF RENIN SECRETION by sodium chloride loading is well documented, and this inhibition has been attributed to either a baroreceptor and/or a macula densa mechanism (5). Acute renal arterial infusion of hydrochloric acid (16) or potassium chloride (6, 25) and chronic potassium chloride loading (7, 22) also inhibit renin, and we have recently demonstrated that acute and chronic calcium chloride loading inhibit renin (14) .
Infusion of potassium chloride, calcium chloride, or hydrochloric acid was associated with a natriuresis, but no change in glomerular filtration rate, renal blood flow, or systemic arterial pressure, suggesting that renin inhibition may be mediated by an intrarenal mechanism related to alterations in sodium transport.
In all these experiments, chloride was the anion consistently delivered with sodium, potassium, calcium, or hydrogen, and on the basis of micropuncture studies a role for chloride transport at the macula densa on the control of renin has been demonstrated (24) . However, the potential contribution of the anion to the regulation of renin release from the whole kidney has not been evaluated. The purpose of the present study is to compare the renin responses to both chronic and acute sodium loading with equimolar concentrations of either sodium chloride or sodium bicarbonate in the rat. To evaluate further the potential importance of chloride, in an additional experiment we compared the renin responses to dietary loading with potassium chloride and potassium bicarbonate in sodium chloride-deprived rats.
METHODS
Experiment 1. Eighteen male Sprague-Dawley rats were given free access to deionized drinking water and a low-sodium chloride diet for 1 wk. The diet, obtained from International Chemical and Nuclear Corp., Cleveland, contained 240 ,ueq potassium, 9 ,ueq sodium, and 5 ,ueq chloride per gram (measured by nitric acid extraction). After 1 wk, the animals were divided into three groups of six rats each: group A was maintained on the same low-sodium chloride diet for an additional 9 days; in group B, deionized water was replaced with isotonic sodium bicarbonate; in group C, water was replaced with isotonic sodium chloride. The diets ingroups B and C were continued for 9 days, and in both groups all animals drank the alloted 20 ml/day. During this g-day period animals in groups A, B, and C were maintained in individual metabolic cages, and to assure a similar dietary intake in sodium-loaded animals, rats in group C were fed 1 day behind group B animals according to a paired-feeding schedule. Daily sodium, potassium, and chloride balances were determined for each animal, based on measuring dietary intake and urinary excretion.
Before beginning the balance study, and again after 7 days of sodium loading, tails were clipped to obtain blood for measurement of hematocrit. After 9 days of sodium loading, all 18 animals were sacrificed by decapitation, and blood emanating from the trunk was collected in chilled EDTA containing tubes for the measurement of plasma renin activity (PRA). A single kidney was harvested from each animal for the measurement of renal renin content (RRC). Thigh muscles were obtained for measurement of sodium and potassium content.
Measurements of plasma electrolytes, particularly potassium, are unreliable in blood obtained by decapitation. Consequently, an additional and identically handled 12 animals were pair-fed on a low-sodium chloride FAILURE OF NaHCO, AND KHCO, TO INHIBIT RENIN 1051 diet for 1 wk and subsequently were maintained on this diet plus 20 ml/day of either isotonic sodium bicarbonate (n = 6) or isotonic sodium chloride (n = 6) in place of deionized water for 9 days. These animals were then anesthetized with sodium pentathol and sacrificed by exsanguination from aortic puncture.
The following measurements were obtained in aortic blood: pH, Pco2, and plasma sodium, potassium, chloride, and creatinine concentrations. Experiment 2. Twenty-four male Sprague-Dawley rats were placed on a low-sodium (7.0 peq/g), low chloride (< 1.0 peq/g), and normal potassium (391 peq/g) diet for 1 wk. A control group with a diet containing no potassium was not feasible; on such a diet food intake was decreased and animals lost weight. All animals had free access to deionized water. After 1 wk, the animals were divided into 3 groups of eight rats each: group D was maintained on the same low-sodium chloride, normal potassium diet for an additional 8 days; in group E, potassium bicarbonate (5.0 meq/lO g of diet) was added to the synthetic diet for 8 days; an equivalent amount of potassium, administered as potassium chloride (5.0 meq/lO g of diet) was added to the base-line diet ofgroup F animals. As in experiment 1, animals were fed according to a paired feeding protocol, and daily balances of sodium, potassium, and chloride were obtained. At the conclusion of the balance study, animals were sacrificed by decapitation and blood was collected for measurement of PRA and blood urea nitrogen (BUN) concentration. A single kidney was harvested from each animal for measurement of renal renin content, and thigh muscles were dissected to measure sodium and potassium.
An additional 12 animals were placed on the same low-sodium chloride diet for 1 wk, and then for a subsequent 8 days were maintained on this diet plus either potassium chloride (n = 6) or potassium bicarbonate (n = 6) as described above. The animals were then exsanguinated by aortic puncture for measurement of arterial pH, PcoZ, and plasma sodium, potassium, and chloride concentrations.
Experiment 3. As part of a micropuncture study comparing chloride transport after acute volume expansion with sodium chloride or sodium bicarbonate (to be reported elsewhere), the effects of acute volume expansion on PRA were also measured. Male Sprague-Dawley rats were allowed free access to a standard rat-pellet diet and tap water until the time of the experiment.
Following Inactin anesthesia and preparative surgery and control measurements, animals received an intravenous infusion of either isotonic sodium chloride (n = 7) or isotonic sodium bicarbonate (n = 8), in a volume equal to 10% of body weight, over 1 h. During the following 45 min, repeat studies of chloride transport were performed, and aortic blood was then obtained for measurement of PRA. To estimate alterations in plasma volume during acute volume expansion, mean hematocrit was determined on each of six femoral arterial blood samples both before and after expansion.
In all experiments, plasma and urine sodium and potassium concentrations were measured with an Instrumentation Laboratory (IL) flame photometer. Muscle sodium and potassium was extracted with nitric acid (15). Plasma creatinine concentration was measured by the method of Kennedy et al. (13) , and BUN was measured by the method of Cracker (4). Serum chloride was measured with a Buchler chloridometer (Searle Analytic Inc., Buchler Instruments Division, Ft. Lee, N. J.). An IL blood gas analyzer was used to measure pH and Pco,; plasma bicarbonate was calculated with a nomogram.
Plasma renin activity was measured in quadruplicate with the radioimmunoassay procedure of Haber et al. (11) . For the measurement of RRC, renin was extracted from the entire kidney by the ammonium sulfate precipitation method of Haas (7). An aliquot of this extract was incubated with excess sheep renin substrate, and the concentration of angiotensin I generated after a 15-min incubation at 37°C and pH 7.4 was measured by radioimmunoassay.
One unit of renal renin is arbitrarily defined as that concentration of renin that will generate 100 ng angiotensin I during the 15-min incubation.
In instances where data were available for only two groups of animals, statistical significance was determined with the Student t test. When data were compared among three groups of animals, and when the variances for the three groups were similar, the significance of group comparisons was computed with analysis of variance. Because analysis of variance requires similar group variances, for several three-group comparisons with dissimilar variances statistical significance was computed with the Wilcoxon Signed Rank Test (23).
RESULTS

Experiment
1. Overall starting body weight (mean t SE) was 265 t 5 g. During the experiment, the average weight gain did not differ (P > 0.10) among groups A (5 + 4 g), B (11 t 4 g), and C (14 t 4 g). After 6 days of a low-sodium diet, and before beginning sodium chloride or sodium bicarbonate loading, the hematocrit ofgroups 23 and C (mean t SE) was 53 t 0.6%. After 7 days of sodium bicarbonate or sodium chloride loading, the mean hematocrit decreased significantly (P < 0.05) in both group B and group C animals to 47 t 1.9 and 45 t l.O%, respectively, and these values did not differ (P > 0.30).
In sodium bicarbonate-drinking animals (group B), at the time of sacrifice, arterial pH (Table l) , Pco2, and calculated bicarbonate concentration did not differ (P > 0.40) from the respective values in sodium chloridedrinking rats (group C). Mean plasma creatinine concentration in group B and group C animals did not differ (P > 0.05). Plasma sodium concentration in group B animals was slightly but significantly (P < 0.01) lower than that in group C (Table 2) . Plasma potassium and chloride concentrations were also lower in group B animals (P < 0.001). Skeletal muscle sodium content did not differ (P > 0.20); however, muscle potassium ofgroup B was less than that ofgroup C (P < 0.01). Over the g-day period of sodium bicarbonate or sodium chloride loading, total positive sodium balance in group B and group C animals did not differ (P > 0.40). However, over the g-day period, sodium balance (mean * SE) in group A animals maintained on the low-sodium chloride diet was slightly negative (-68 t 62 peg/9 days) and significantly less than that ofgroup B andgroup C animals (P c 0.001). On the final balance day, 24-h urine chloride excretion (mean * SE) was significantly lower (P < 0.001) ingroupA (39 _ + 4 peq/24 h) andgroup B (38 * 13
,ueq/24 h) animals compared to that of group C sodium chloride-drinking rats (2,532 t 17 peq/24 h); respective urinary chloride concentrations (means * SE) on that day were 4.3 * 0.8, 2.0 t 0.7, and 232.8 of: 7.9 peq/ml. The overall mean t SE g-day chloride balance ofgroup C animals (5,544 t 726 peg/9 days) was significantly greater (PC 0.001) than that ofgroup B (-32 k 123 peq/ 9 days) and group A (-222 t 100 peq/9 days) animals.
Potassium balance ofgroup B animals was less positive than that ofgroup C (P < 0.005).
At the time of sacrifice, mean t SE PRA ( Fig. 1 ) of sodium chloride-drinking animals (16.5 t 4 rig/ml per h) was significantly less (P < 0.005) than that of animals maintained on a low-sodium chloride diet (44.8 t 4.7 ng/ ml per h). However, PRA of sodium bicarbonate-drinking animals (57.2 t 9.8 rig/ml per h) did not d.iffer from that of sodium chloride-deprived rats (P > 0.30) and was greater than that of sodium chloride-loaded rats (P < 0.05). In sodium chlorideand sodium bicarbonateloaded animals, overall, PRA did not correlate significantly with net sodium balance (P > 0.1). Total RRC of sodium chloride-loaded animals (50.4 t 2.6 U/kidney) was significantly less (P < 0.02) than that of sodium chloride-deprived rats (61.6 t 2.6 U/kidney); RRC of sodium bicarbonate-drinking animals (62.5 t 5.3 U/ kidney) did not differ from that of sodium chloridedeprived controls (P > 0.80). These differences were also maintained after adjusting RRC for kidney weight.
Experiment 2. Overall starting body weight (mean t SE) of groups D, E, and F was 314 * 2 g. The average weight gain during the experiment did not differ (P > 0.10) amonggroups D (6 t 3 g), E (0 t 3 g), andF (6 t 3 g) . At the time of sacrifice, arterial pH (Table 3) of potassium bicarbonate-loaded animals (group E) was higher (P < 0.05) than in animals receiving a high-potassium chloride diet (group F); arterial Pcoz was suggestively but not significantly higher in group E animals (P > 0.2), and calculated mean plasma bicarbonate concentration was higher in group E animals (P < 0.01). Mean BUN and plasma sodium concentrations ingroup E and group F animals did not differ (P > 0.5); plasma potassium and chloride concentrations were each slightly but significantly lower in potassium bicarbonate-loaded animals (P < 0.01).
Net sodium balance (Table 4) of potassium chlorideloaded animals (group F) and potassium bicarbonateloaded animals (group E) did not differ (P > 0.05). Sodium balance of potassium bicarbonate-loaded rats (group E) was slightly but significantly less positive than that of sodium-deprived controls (group 0); sodium balance of group F and group D animals did not differ (P > 0.3). Potassium balance of both groups of potassium-loaded animals was considerably more positive than that of controls (P < 0.002), and potassium balance of potassium-chloride loaded animals was more positive than that of animals on a high-potassium bicarbonate diet (P < 0.002). Neither muscle sodium nor muscle potassium concentrations of groups D, E, and F animals differed significantly from each other (P > 0.05), although muscle potassium of both potassiumloaded groups tended to be higher than that of controls. Chloride balance of potassium chloride-loaded rats was greater than that of the other two groups (P < 0.002).
Overall chloride balance in potassium bicarbonate eating and control animals was negative, and potassium bicarbonate-loaded animals were in greater negative chloride balance than controls (P < 0.002). On the final balance day, urine chloride concentration was markedly elevated in potassium chloride-loaded animals compared to the other two groups (P < 0.001).
Plasma renin activity in potassium chloride-loaded animals (group F) was lower than that in group D (P < 0.02) and group E (P < 0.01) animals (Fig. 2) > 0.1). Overall, in group E and F animals; PRA did not correlate significantly with the s-day sodium balance (P > 0.1). Total RRC of group F animals was lower than that of group E (P < 0.05), and RRC of group D and group E animals did not differ (P > 0.4). These relative differences were also maintained after adjusting total RRC for differences in kidney weight. Experiment 3. Conceivably, failure of sodium bicarbonate and potassium bicarbonate to inhibit renin might have been related to subtle differences of plasma volume compared to chronic expansion with chloride. Consequently, PRA was measured after acute volume expansion with sodium chloride or sodium bicarbonate to determine if greater renin inhibition also occurs with sodium chloride expansion, in an experimental situation in which plasma volume was more carefully controlled and was undoubtedly considerably expanded in both groups (Table 5) . Bicarbonate-expanded animals were more alkalotic (P < 0.01). Plasma volume expansion, estimated by reduction of arterial hematocrit, did not differ significantly (P > 0.6) in sodium chloride-and sodium bicarbonate-expanded animals. Plasma potassium concentrations of sodium chlorideand sodium bicarbonate-expanded animals also did not differ (P > 0.7). However, PRA of sodium chloride-expanded animals was significantly lower (P < 0.05) than that of animals infused with sodium bicarbonate.
were included within each experiment. respectively. In the rat, as well as in man, the renin 2220.8 response to sodium deprivation decreases with advancing age (3, 8) . After acute and massive volume expansion with sodium chloride or sodium bicarbonate in the anesthetized rat, PRA was also significantly lower in sodium chloride-expanded animals. Consequently, it is apparent that chloride has an important modulating influence on sodium-and potassium-induced inhibition DISCUSSION Dietary loading with sodium bicarbonate or potassium bicarbonate failed to inhibit PRA and RRC, although the anticipated inhibition of renin was demonstrated after dietary loading with sodium chloride or potassium chloride. The sodium-and potassium-loading experiments were conducted almost 1 yr apart, and PRA of sodium chloride-deprived controls was lower in the potassium experiment. However, appropriate controls of renin synthesis and release from the whole kidney. Changes of hematocrit may not reliably reflect chronic changes in plasma volume, and we cannot exclude minor differences in plasma volume in the chronic experiments.
However, it is unlikely that failure of sodium bicarbonate or potassium bicarbonate to inhibit renin can be attributed to a lesser degree of volume expansion compared with sodium chloride-or potassium chloride-loaded animals. Net sodium balance in sodium bicarbonate-loaded animals was considerably more positive than that in sodium chloride-deprived controls, although PRA and RRC did not differ. Comparing animals consuming high-sodium bicarbonate and high-sodium* chloride diets, there was no difference of weight gain, decrease in hematocrit, positive sodium balance, or muscle sodium content, suggesting that no major differences of volume expansion occurred between the two groups. Similarly, weight gain, muscle sodium content, and sodium balance of potassium chloride-and potassium bicarbonate-loaded animals did not differ. In rates, PRA was lower in the group of animals expanded with sodium chloride. Furthermore, because these measurements were similar in both groups of animals, it is also unlikely that the different renin responses to sodium chloride and sodium bicarbonate expansion can be attributed to a baroreceptor mechanism.
Potassium balance in sodium bicarbonate-drinking animals was significantly less positive and both plasma and muscle potassium concentrations were lower, than in pair-fed, sodium chloride-drinking animals. Although dietary potassium depletion in the rat stimulates renin, unrelated to changes in sodium balance (22), it is unlikely that failure of sodium bicarbonate loading to inhibit renin was mediated by an effect on potassium balance. In animals of this age and weight, potassium balance is usually distinctly positive, even when fecal potassium is included in the balance (18) and cumulative potassium balance of potassium bicarbonate-loaded animals was positive ( + 11.9 meq). Furthermore, the effect of potassium on renin is more prominent in animals consuming a low-sodium diet, and Sealey et al. (22) reported that on a high-sodium intake, dietary manipulation of potassium has little if any effect on plasma renin. In addition, potassium bicarbonate also failed to inhibit the renin response to sodium chloride deprivation, despite a considerably more positive potassium balance than that in either sodium chloridedeprived controls, or the potassium chloride-loaded, renin-suppressed rats of Sealey et al. (22) . In the present experiment, sodium balance of potassium chlorideloaded animals tended to be more positive than that of potassium bicarbonate-loaded animals, although this difference was not statistically significant. However, mean sodium balance of potassium chloride-loaded rats was slightly less positive than that of sodium chloridedeprived controls, and renin was suppressed in potassium chloride-drinking rats, indicating that the effect of potassium on renin is not related to sodium balance. Taken together, these results suggest that although potassium balance of bicarbonate-loaded animals was less positive than that of chloride-loaded animals, the failure of sodium bicarbonate and potassium bicarbonate to inhibit renin is not related to relatively small differences of potassium or sodium balance. Hypokalemia may stimulate renin (12), and plasma potassi urn concentrations of both groups of bicarbonateloaded ani .mals were lower than the respective concentrations in chloride-loaded animals. In our laboratory, mean t SE plasma potassium concentration of rats on a normal potassium, low-sodium chloride diet and maintained under identical balance conditions, is 3.7 t 0.1 meq/liter, n = 18, a value intermediate between that of both groups of bicarbonateand chloride-loaded animals. Lower plasma potassium concentrations of bicarbonate-loaded animals presumably reflect an intracellular shift of potassium associated with a higher arterial pH, and indeed, muscle potassium of potassium bicarbonate-loaded animals was slightly higher than that of controls. Consequently, in the chronic loading experiments we cannot exclude the possibility that failure of sodium bicarbonate and potassium bicarbonate to inhibit renin might be related to hypokalemia.
However, after acute expansion with sodium chloride or sodium bicarbonate mean plasma potassium concentration did not differ, although PRA was lower in sodium chlorideexpanded rats. It is also unlikely that different PRA responses to chloride or bicarbonate loading can be attributed to differences of arterial pH. Although bicarbonate-expanded animals in experiments 2 and 3 were more alkalotic than respective chloride-expanded animals, in experiment 1 arterial pH of sodium chlorideand sodium bicarbonate-loaded animals did not differ, although PRA was suppressed in sodium chlorideloaded rats.
Another possible mechanism for the failure of sodium bicarbonate and potassium bicarbonate to inhibit renin might be related to the effect of the anion on sodium transport at the macula densa. There is increasing evidence to suggest that renin secretion may be inhibited by sodium transport across the macula densa rather than by the concentration of sodium delivered to the macula densa. Vander and Carlson (26) demonstrated that intravenous infusion of furosemide stimulates renin secretion without changing plasma sodium concentration, renal plasma flow, or glomerular filtration rate. Renin stimulation was also not related to volume depletion, and it was suggested that increased renin release was due to inhibition of sodium transport at the macula densa by furosemide.
Intravenous injection of furosemide in the rabbit stimulates renin, even if urinary losses are prevented by shunting urine into the femoral vein (17). Similar to furosemide, another loop diuretic, ethacrynic acid, but not chlorothiazide, also stimulates renin release independent of changes in sodium balance. Following release of ureteral occlusion in the dog, there is a natriuresis and renin secretion decreases. However, in animals treated with ethacrynic acid, despite the natriuresis, renin release is either inhibited to a lesser extent or actually increased (2, 9). These experiments provide indirect support for the hypothesis that there is a reciprocal relationship between renin secretion and sodium transport at the macula densa.
In apparent contrast to these whole-animal experiments, which suggest that sodium chloride transport across the macula densa inhibits renin secretion, results of microperfusion studies demonstrate that single-nephron renin activity is increased and single-nephron glomerular filtration rate is decreased in response to sodium chloride transport across the macula densa (24, 28). However, the measurement of single-nephron renin activity may not reflect whole-kidney renin release. Indeed, if renin secretion were inhibited by sodium chloride transport across the macula densa, it is con-FAILURE OF NaHCO, AND KHCO, TO INHIBIT RENIN ceivable that single-nephron renin activity might be bicarbonate expansion (unpublished observation). In
